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Abstract
Hydroxyapatite crystals of various morphologies were grown on Ti-6Al-4V plates using Micro-arc oxidation (MAO) plus
hydrothermal treatment. Phase identification was carried out by XRD. The mechanisms by which these HA crystals form is here
discussed. It was deduced that HA formation depended on the degree of supersaturation of Ca and P ions in the treated solution.
Various hydrothermal treatments with different degrees of supersaturation were designed and performed. Crystals with flake,
needle-like, hexagonal column, and composite morphologies were obtained. The formation of different HA morphologies is
discussed in terms of growth mechanisms. The effects of the degree of supersaturation of Ca and P ions on the morphologies of
hydroxyapatite crystals are illustrated.
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1. Introduction
Hydroxyapatite (HA) coatings on orthopedic implants have gained wide acceptance [1]. In clinical settings, it has
repeatedly been demonstrated that HA coatings have osteo-conductive properties and that HA-coated implants have
better fixation than uncoated implants under optimal surgical conditions [2]. HA coating can promote more rapid
fixation and stronger bonding between the host bone and the implant [3]. At present, plasma-spraying is still the
most popular commercial means of depositing HA coatings onto metal-base implants. However, plasma spraying is a
high-temperature, line-of-sight process. Potential problems with this technology include the exposure of substrates to
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intense heat, residual thermal stresses in the coatings, and the inability to coat complex shapes with internal cavities
[4-6].
Many other techniques have been explored to address these problems. Among these techniques, micro-arc
oxidation (MAO) is one of the most promising new processes. MAO is also called plasma electrolytic oxidation. It is
a novel anodic oxidation technique to prepare ceramic coatings on the surface of metals, such as Al, Ti, Mg and their
alloys. In MAO processes, the anode made by metals is immersed in an aqueous solution, and an asymmetric
alternating voltage is applied between the anode and the cathode. MAO processes are typically characterized by the
phenomenon of electrical discharge on the anode in the aqueous solution. Using the MAO technique, high quality
coatings with high micro-hardness, adhesion, strength and wear resistance. Ishizawa first developed the oxide film
containing Ca and P by anodizing titanium, and they further transformed it into hydroxyapatite by a hydrothermal
treatment. Compared to plasa spraying, the advantages of MAO-HT include good control of the composition and
structure of coatings, relatively low processing temperatures, which enables the formation of highly crystalline
deposits with low residual stresses, and the ability to deposit on non-line-of-site. Previous researches reported
different morphologies HA crystal were obtained after hydrothermally treated [7-10]. On the other hand, the
morphology of HA is of tremendous relevance to its performance. For example, fibrous and plate-like HA particles
have stronger adsorption properties due to their increased surface area [11], while HA whiskers present more
favorable mechanical properties [12, 13]. Previous reports have shown that HA crystals with different morphologies
can be obtained after hydrothermal treatment. These studies showed that HA morphology is dependant on the
temperature during hydrothermal treatment. However, the morphologies reported in these papers were inconsistent
[7–13]. The mechanisms by which temperature and other factors affect HA morphology during this procedure merit
further investigation.
The purpose of the present study is to discuss the HA morphologies of MAO film during hydrothermal treatment.
It will deepen the understanding of the relationship between the HA crystal morphologies and the hydrothermal
conditions.
2. Experimental procedure
Commercial Ti-6Al-4V plates (sample size: 15×30×1.5 mm) were used in this study. Samples were abraded using
SiC sandpaper no. 800, then rinsed with a mixture of hydrofluoric and nitric acids (1:3 HF/HNO3in molar ratio)
and finally washed with acetone in an ultrasonic cleaner. MAO was performed with a rectangular pulse power
supply. The electrolyte cell consisted of a stainless steel container. Electrolytes were prepared by the dissolution of
calcium acetate (CA) and sodium dihydrogen phosphate (SDP) in deionized water, and the concentrations of CA
and SDP were 0.18 M and 0.1 M, respectively. The MAO process was conducted at 400 v and 600 Hz. The
electrolyte temperature was controlled by means of cooling water to prevent heating over 50during micro-arc
oxidation. After MAO, the samples were gently washed with deionized water and dried at 25  , then treated
hydrothermally at 150 to 250 in an autoclave with the pH of 11.0 (deionized water, pH was adjusted with
NH3.H2O) in an autoclave for 6 to 12h. After hydrothermal treatment, the samples were washed in deionized water
with an ultrasonic cleaner for 3 min. Oxide film micrographics were observed using a scanning electron microscope
equipped with EDS (SEM: FEI Quatan 450, U.S.). It was also used to analyze the compositions of the samples. The
surface phases of these films were analyzed by X-ray diffractometry (XRD: D8-Advance, Bruker, Germany) using
Cu KJ radiation at a scanning speed of 4.00°/min and a scanning range (2L) of 10° to 70°
3. Results and discussion
3.1 The HA formation and the degree of supersaturation
In the classical crystallization models, the formation of HA crystal during this hydrothermal treatment consists of
two steps: nucleation and crystal growth. When the oxide films were exposed to the aqueous NH3.H2O solution and
444   F.C. Ma et al.  /  Physics Procedia  50 ( 2013 )  442 – 448 
hydrothermally treated, Ca and P ions in the MAO film were released into the solution by diffusion. On the other
hand, many Ti-OH groups were produced on the film surface, which resulted in the concentration of OH ions
increase. HA crystals spontaneously nucleated and grew according to the following reaction [14,15]:
26410
3
4
2 (OH))(POCa OH2PO6Ca10   (1)
As formula (1) presents, HA growth is a reversible reaction. The progress of HA growth and dissolution can be
described by Ca ions in the reaction as:
CS CaCa  (2)
SCa stands for the Ca ions that exists in the solution, CCa stands for the Ca ions that exists in the HA crystal. When
the above reaction reaches dynamic equilibrium, then
 	
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CaK 
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/K is the equilibrium constant.  	CCa , 	SCa is the concentration of the ions in HA crystal and in solution, respectively.
Because  	CCa is constant at any particular temperature,  	SCa is a constant too. When the Ca ions are not saturated in
the solution, the change of free energy in the reaction presented in the formula (1) can be calculated by the following
formula:
 	
Ca
S
S
C
CaRTLnG 

(4)
R is the gas constantT is the absolute temperature ,
Ca
SC is the concentration of Ca ions in the solution.
As presented in formula (1), if the reaction takes place spontaneously, i.e. 0G , then
CaSC  	SCa (5)
That is to say, only when the concentration of Ca ions is more than the equilibrium concentration in the solution
(the saturated concentration) can the crystal grow. When the concentration of the solute is more than the saturated
concentration, the solution is in a supersaturation condition. Therefore, the degree of supersaturation is the driving
forces for HA crystallization during the hydrothermal treatment.
3.2 Degree of supersaturation resulted form the temperature differences
It is known that the solubility of apatite decreases with the increase in solution temperature. The relationship
between the solubility product for apatite, Ks and the solution temperature T is given by Elliot [16]:
logKs=8219.4/T-1.6657-0.09825T (6)
According to formula (6), the solubility of apatite shows the maximum at 16. The solubility of Ca ions is about
10-6 M in the reaction listed in the formula (1) (pH=11). The solution became saturated, as Ca and P ions in MAO
film were released into solution during hydrothermal treatment. The solubility of apatite decreased with the increase
in the employed hydrothermal temperature. Which implied that a saturated solution of Ca and P ions formed at a low
temperature became a supersaturated one when it was heated to a high temperature. As presented in Fig. 1, when a
saturated solution A formed at T1 was heated to T2, the degree of supersaturation of solution B was S1. When it was
heated to T3, the degree of supersaturation of solution C was S2 accordingly. The degree of supersaturation depends
on the temperature difference between the heating temperature and the temperature formed a saturated solution.
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Fig. 1 Schematic of the relationship between the degree of supersaturation and temperature of hydrothermal solution
3.3 Effect of the degree of supersaturation on HA morphology
Based on the above analysis, various hydrothermal treatments with different degrees of supersaturation were
designed and carried out in this work. HA morphologies formed after such treatments are presented in Fig. 3. From
Fig. 2 it can be seen that the morphologies of HA crystals are quite different. The HA crystal morphology changes
from flake to needle, hexagonal column and irregular deposition as the degree of supersaturation increase. The
different HA morphologies formed in the work were explained in term of the degree of supersaturation, which is the
result of the temperature differences between the heating temperature and the temperature formed saturated solution.
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Fig. 2 Various HA crystal SEM after hydrothermal treatment: (a) treated at 150°C for 6 h in 200 ml solution, (b)
treated at 200°C for 6 h in 200 ml solution, (c) treated at 250°C for 6 h in 200 ml solution, (d) treated at 250°C for 6
h in 100 ml solution, (e) treated at 250°C for 6 h in 400 ml solution; (f) treated at 250°C for 12 h in 200 ml solution.
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Fig. 3 Schematic of the relationship between HA crystal growth and the degree of its supersaturation
According to the classic theory of crystal formation in an aqueous solution, the solutions for crystal growing can
be classified into three kinds based on the degree of supersaturation: unsaturated, supersaturated and precipitated
solution, as presented in Fig. 3. The crystal does not grow spontaneously in an unsaturated solution. It only grows on
the existing nuclei. However new nuclei can not be formed in a supersaturated solution with a low degree of
supersaturation. While in a precipitated solution with a very high degree of supersaturation, nuclei formation and
crystal growth are two simultaneous processes.
The formation of the HA morphology presented in Fig. 2 (a) is illustrated by Fig. 3 B case. In this case, the
number of nuclei was fewer in the solution with a very low supersaturated degree at a lower heating temperature,
and the interfacial absorption was the determining process during crystal growth. Only the atoms and molecules
which reached the steps of growing crystal face were incorporated, resulting in the growth along a face. The crystal
formed by this mechanism presents flake-like morphology. Higher heating temperature resulted in the increase of
supersaturation degree, as illustrated in Fig. 3 C case. More nuclei were formed, and crystal growth was controlled
by means of spiral dislocation piling up. In this way, HA crystals grew into needle or hexagonal column form, and
the axis of the needle or column was the spiral dislocation line. Because a higher degree of supersaturation leads to
more ions near interface for crystal to grow, hexagonal column HA crystals tend to be formed at a higher heating
temperature, which is presented in Fig. 2 (b) and Fig. 2(c). The formation of the HA morphology presented in Fig. 2
(d) is illustrated by Fig. 3 D case. As presented in Fig. 2 (d), the regular crystal and many deposits can be observed
at the same time. The reason for forming such morphology is that HA crystals grow and new nuclei form
simultaneously due to a very high degree of supersaturation. The regular morphology of crystal resulted from the
crystal growth, and the deposit morphology came from the new nuclei continuous formation.
Compared with Fig. 2 (a), the HA morphology presented in Fig. 2 (e) was formed at a higher temperature, which
was helpful to increase the supersaturation degree. But the concentrations of Ca and P ions were diluted by a larger
volume of treated solution. As presented in Fig. 2 (a) and Fig. 2 (e), the HA morphologies, treated at150 and 250
 , were both flake. Certainly, due to the consumption of Ca and P ions in solution, the degree of supersaturation
decreased continuously during the whole procedure. HA crystals with different morphologies were formed at
different steps after a long time treatment. As presented in Fig. 2 (f), hexagonal column, needle-like and flake HA
crystals were formed.Therefore, it is concluded that the various morphologies of HA crystal in this work are resulted
from different growth mechanisms, which are strongly dependent on the degree of supersaturation. The morphology
of the HA crystal can be regulated by changing the supersaturation degree of hydrothermal solution.
4. Conclusions
Hydroxyapatite crystals were grown on Ti-6Al-4V plates using a microarc and hydrothermal treatment in this
work. Crystals with flake, needle, hexagonal column, and composite morphology were obtained under different
hydrothermal conditions. It was deduced that the different HA morphologies are dependent on the degree of
supersaturation, which can be controlled by the heating temperature and the concentration or activity of Ca and P
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ions in the treated solution.
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